Fiber transport of spatially entangled photons 
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Entanglement in the spatial degrees of freedom of photons is an interesting resource for quantum 
information. For practical distribution of such entangled photons it is desireable to use an optical 
fiber, which in this case has to support multiple transverse modes. Here we report the use of a 
hollow-core photonic crystal fiber to transport spatially entangled qubits. 
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The non-classical correlations of two entangled pho- 
tons enable quantum communication and cryptography. 
Traditionally, polarization entanglement is utilized; how- 
ever, polarization is a two-dimensional degree of free- 
dom only (qubit). Higher-dimensional entangled systems 
show promise [1, 2 , because more entangled degrees of 
freedom per particle imply stronger non-classical corre- 
lations. Examples are the violation of a Bell- type in- 
equality 121 SI and demonstration of the quantum coin 
tossing protocol ^. The photon's temporal, frequency 
and spatial degrees of freedom give access to such high- 
dimensional entanglement; enabling temporal entangle- 
ment m El E] , frequency entanglement [51 [S] , and spa- 
tial entanglement j21 ITUl - ITB] , respectively. These degrees 
of freedom are intrinsically continuous; after appropri- 
ate discretization, qudits of arbitrary dimension d can be 
defined. Another approach for multi-dimensional entan- 
glement is the combination of different degrees of freedom 
[TTHID]. 

Optical-fiber transport of entangled photons allows 
new possibilities in applied quantum information; so far 
this has been realized for photons entangled in polariza- 
tion pr , time [22] and frequency [51 [S] , but not for spa- 
tial entanglement. To transport spatially entangled pho- 
tons through a fiber, this must obviously support multi- 
ple transverse modes. However, this presents a challenge 
since conventional multimode fibers suffer from strong 
intermodal coupling which tends to destroy the fragile 
quantum correlations carried by the spatially entangled 
state. Often this happens within a few mm of propaga- 
tion [53] [39]. It is thus imperative to choose a type of 
fiber where these decohering effects are minimal or ab- 
sent, i.e., to be as close as possible to free-space propaga- 
tion. Therefore, the natural choice for fiber transport of 
spatially entangled photons is to use a hollow-core fiber, 
where the light is guided essentially in air (see inset Fig. 
lb). Here we demonstrate that this approach is success- 
ful. 

We use a hollow-core photonic crystal fiber (HC-PCF) 
[21155] with a kagome-style cladding [55H25] . see Fig. lb. 
The cladding lattice is formed from sub-|im thick fused 
silica glass membranes, the central hollow core being cre- 
ated by removing a few unit cells. Our HC-PCF has a rel- 
atively large core diameter, namely 25 pri, and does not 
support bound modes because the cladding does not pos- 




Figure 1: (Color online) (a) Experimental setup, (b) Electron 
micrograph of the cross-section of the HC-PCF. The core di- 
ameter is 25 \im, which results in an half opening angle of the 
fundamental mode of 44 mrad. The inset shows a near-field 
optical image (same scale) of the core area, acquired using in- 
coherent (800±10 nm) illumination, this shows approximately 
circular mode confinement. 



sess a photonic band gap and the negative index differ- 
ence between core and cladding rules out the possibility of 
total internal reflection. Many Mie-like resonances exist 
in the core, each with a different axial wavevector com- 
ponent. In some respects these modes are similar to the 
leaky modes of hollow cylindrical capillary waveguides 
[29] . with an important difference: with appropriate de- 
sign the fundamental mode of the HC-PCF can be guided 
with losses as much as 100 times lower than in a capillary 
of the same diameter [27] . It has a transverse intensity 
profile that approximately follows a squared Jg Bessel 
function, its first zero coinciding with the core bound- 
ary. The losses are larger for higher-order modes and 
this limits effectively the number of propagating modes. 
In the experiments reported here, 3 modes are present 
after propagation along 30 cm of our kagome HC-PCF. 
These modes have large overlap with the 3 lowest-order 
free-space paraxial Hermite-Gaussian modes (or super- 
positions thereof). In the Hermite-Gauss basis HGm,n 
with the polynomial index m and n in x and y, these 
are the HGo.q, HGiq, and HGqi modes. We find ex- 
perimentally that the 30 cm kagome fiber attenuates the 
first order modes by sa8% compared to the fundamental 
mode, this agrees well with 0.7 dB/m or 5% as quoted in 
[28] for a similar fiber. 

In our experiments we study the effect of fiber 
transport on quantum correlations between two en- 
tangled qubits, where spatially entangled photons are 
produced by spontaneous parametric downconversion 
(SPDC, type-I, coUinear phase matching) |[llj. The setup 



is sketched in Fig. 1: The entangled two-photon state is 
generated in a 2 mm long periodically-poled KTP crys- 
tal by pumping it with a weakly focused (wq = 250 ^m) 
413 nm Kr+ laser beam (80 mW). The polarization state 
of the photons is not relevant here since polarization 
and spatial degrees of freedom are decoupled (paraxial 
regime). The two entangled photons are filtered spec- 
trally (BPF, 1 nm bandwidth, centered at 826.1 nm), 
then the photons are probabilistically separated by a 
beam splitter, and one of them (path A) is transported 
through the 30 cm long HC-PCF by appropriately mode- 
matched in- and out-coupling (lOx, 0.25 NA objectives). 
For our goal it is sufficient that only one photon passes 
through the HC-PCF. No special care was taken to keep 
the fiber straight; typically curves with a bending radius 
of 30 cm occurred. Both photons from a pair are then 
projected onto separate superpositions. This is done by 
first sending the photons through a step phase plate [SU]; 
this plate acts as a mode converter; it shifts the opti- 
cal phase by tt in one half of the transverse plane with 
respect to the other half. Subsequently, we project this 
mode onto the fundamental Gaussian mode by coupling 
into a standard single-mode fiber. This fiber is connected 
to a single-photon counter and correlated photon pairs 
are post-selected by coincidence detection (2 ns time- 
window). The entangled two-photon state as produced 
by SPDC dU ISni in] is filtered by the "3-mode" HC- 
PCF such that we deal effectively with a 3D spatially 
entangled state formed by the 3 lowest-order Gaussian 
modes [3l [12]. The single-photon basis states for these 
modes are {\HGofi),\HGi^o),\HGo^i)} in the Hermite- 
Gauss basis. Such a bipartite entangled state lives in a 
C'^igjC'^ Hilbert space which can be explored by investi- 
gating spatial correlations in two non-identical but partly 
overlapping C^(8)C^ subspaces. 

As a first step, we consider the subspace spanned by 
the degenerate \HGifi) and \HGo^i) modes. We center 
both phase plate projectors to the single-mode detection 
fibers {AgMF.B — ^pp,a = 0, see Fig. 1). In the corre- 
sponding 2D Hilbert subspace, each detector projects on 
the superposition state sm{(f)) \HGi,o) + cos{4>) \HGq^i), 
which depends on the orientation (p of the phase plate 
(= a or p for phase plate A or B, respectively, see Fig. la). 
This experiment is analogous to the 2D polarization- 
entanglement case [32, 33^ and thus, the resulting co- 
incidence fringes are sinusoidal (Fig. 2). We also see 
anisotropic effects of the fiber: the visibility of the di- 
agonal (±45°) fringes is reduced compared to that of the 
(0°, 90° degrees) fringes. Also, mode rotation occurs 
as the fringes are slightly dephased with respect to the 
relative orientation {a — f3) of the phase plates. We at- 
tribute these effects to the broken rotational symmetry 
in the fiber: the cladding has a hexagonal symmetry; this 
weakly affects the modes since a small fraction of the op- 
tical field resides in the cladding. This leads to mode 
mixing and mode rotation; both could be avoided if one 
were to use a circular-core concentric Bragg fiber [34] . 







1 






1 ' 1 


■ 


160 


- 




/a? 




^ 














\ 


m" 140 


■ 




f 


\ *• / 


\ 


^ 




\ 




/«X 7 


V '/^ / 


■ 


«" ^20 


\ 




1% \ ▼/ 


\ / \ «Sr 


- 






\ 


A 


. v\/^^ 


\ ^IaA ^tl^w 




i 100 
o 




(aI 


\a/\ 


y/sAr 


V 


u 

0) 


80 


- I 




A f( \ 


/ V -Jy A 


V - 


o 








/ A*/\ ' 


V I 7 ^APi* 


Vf 


s 


60 


T 




T >f i J 


\ f[ J JL \ 


A 


5 




V 




L T^A /^ 


▼/ \ ^ ^ \ V 


A ▼ 


o 


40 


^ 




^ 1 w» 


JilJt / ^^ 


A 


c 




/ 




J ^ 


frA / T 




o 


20 


r 




L / V 


J T r > 




o 




1 




\ 7 V 


J \ J 


^ > 


■ 0° 

• 90° 

* -45° 









^w •^ 


^-m 


\^ 


1 . 1 . 1 . 1 . 







100 


200 300 


4C 


T 45° 








Detector A 


angle (deg) 





Figure 2: (Color online) Fiber transport of 2D spatially en- 
tangled photons in the degenerate case (i.e. superpositions of 
the |-ffGi,o) and \HGo^i) states). Both mode analyzers are 
equipped with a step phase plate which can be rotated. To 
obtain a coincidence fringe, plate A is rotated, while plate B 
is kept fixed. No significant fringe is detected in the single- 
detector count rates. 



In polarization-based Bell experiments, maxi- 
mum violation happens for, e.g., (ai, q;2,/?i,/32) — 
(0°, 45°, 22.5°, 67.5°). In our case, we expect these 
angles to be different due to the detrimental effects 
mentioned above. In order to find the maximum 
Bell-violation angles, we plot the CHSH S-parameter 
[35] for (ai,a2) = (0°,45°) as a function of (/3i,/32) (see 
Fig. 3). Each pixel shows color-coded the value of the 
S-parameter for one set of angles; regions with S > 2 
are colored white. The overall pattern of Fig. 3 is very 
similar to the ideal case; but the peaks are shifted. A nu- 
merically search for the maximum Bell violation results 
in the angles (ai,a2, /3i,^2) = (0°, -45°, 270°, 150°), 
where S — 2.17 ± 0.04. The uncertainty (standard 
deviation) of S is calculated from the uncertainty AA^ 
in the coincidence counts N using Gaussian propagation 
of uncertainty. For this 2D subspace we violate the Bell 
inequality by 4 standard deviations; thus proving that 
spatial entanglement of the degenerate | HGi^) and 
|-ffGo,i) states survives fiber propagation. 

As the second step, we study the 2D subspace spanned 
by the non- degenerate states |iJGo,o) ^iid |_ffGi^o)- In 
this case it is necessary to consider first the intermodal 
dispersion of the relevant modes in the fiber, i.e., the 
relative propagation constants of the HGo^ and HGi^ 
modes. We measure this by launching a well-known (clas- 
sical) coherent superposition of these modes into the fiber 
and observe, as a function of wavelength, the near-field 
intensity at the fiber exit. From the mode beating we 
determine the intermodal dispersion |l 36j to be 1.5 ps/m. 
This agrees well with the calculated value of 1.6 ps/m 
obtained by approximating the HC-PCF by a hollow di- 
electric capillary [5^ (with r = 12.5 (im, X — 826 nm, 
and n — 1.45) [40j. Although this intermodal dispersion 
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Figure 3: Parameter scan of the CHSH S-parameter as a func- 
tion of (/3i, /32) for fixed (ai, 02)- Each pixel shows color- 
coded S{ai — 0°, a2 — — 45°,/9i, /32), which is calculated 
using 16 different coincidence count measurements at differ- 
ent orientations of the phase plates. Regions where the CHSH 
inequality (5'<2) is violated are colored white. 



is small, we need to limit the bandwidth of the down- 
converted photons, in order to preserve the coherence of 
the non-degenerate quantum state; we use 1-nm band- 
width filters in the experiments with the 30-cm long HC- 
PCF. 

In this non-degenerate case we have performed a quan- 
tum interference experiment somewhat similar to that of 
Mair et al. [TT]: In analyzer A, we no longer center the 
phase plate but give it a transverse (i.e. in-plane) offset 
App^A with respect to the single-mode fiber (Fig. la). 
This detector configuration projects the incoming pho- 
ton onto a superposition state uq |-ffGo,o) + o-i iHGi^). 
The intensity distribution corresponding to this super- 
position carries a nodal line. This is probed non-locally 
by using analyzer B as a Gaussian probe, i.e. we remove 
its phase plate. For a certain offset App^A, we scan the 
fundamental-mode analyzer B {Asaif,b) transversely to 
the optical axis and normal to the edge of the phase plate 
of analyzer A. We expect that the coincidence fringe re- 
sembles the coherent superposition onto which photon A 
is projected, and that the dip in this fringe moves propor- 
tionally to the phase plate A offset App^A- This nonlocal 
shift is clearly visible in our experimental results shown 
in Fig. 4: We observe a dip in the coincidence counts 
(normalized to the single counts) at twice the phase step 
offset App^A, in agreement with theory (the beam waist 
at the phase plates is wq = 0.8 mm). Considering that 
the theory does not include mode-dependent attenuation 
or intermodal dispersion of the HGo^ and HGifl modes 
in the fiber, the overall correspondence with the experi- 
mental data is good. This demonstration of nonlocality 
is obviously not equivalent to a Bell test of entanglement, 
but can be seen as a first step in that direction. 

Finally, we discuss briefly the key issues in fiber trans- 
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Figure 4: Fiber transport of a non-degenerate superposition 
of photons modes. Analyzer A projects on a superposition 
of \HGofi) and \HGifi), analyzer B (Gaussian probe) scans 
normal to the phase plate step of analyzer A. The dip in 
coincidence counts (arrow), is directly proportional to the 
phase plate displacement App,^- The experimental coinci- 
dence count rate is normalized to the single-detector count 
rate, and the theoretical curves (through lines) are scaled ver- 
tically with the same constant to match the data. The visi- 
bility of the three curves is 76 %, 74 % and 55 % (from top to 
bottom). We define the visibility here as (MAX-MIN)/(MAX 
+ MIN) where MAX is the average of the count rates in the 
two peaks that are adjacent to the dip, and MIN is the count 
rate in the dip. 



port of multi-mode quantum superpositions: intermodal 
dispersion and intermodal mixing. Intermodal dispersion 
leads to decoherence of the quantum superposition dur- 
ing fiber transport, this must be small compared to the 
photon bandwidth. Therefore, the spread in the trans- 
verse wavevector fcj^of the modes should be small. This is 
the case for weakly confining fibers with a large core and 
consequently large mode area (compared to the wave- 
length) . Additionally, one could employ a special subset 
of the modes with nearly equal propagation constants; for 
large-core fibers (with negligible diffraction corrections) 
these are the modes within one mode order m -\- n in 
the case of HGm,n modes |37]. However, the future ap- 
plicability of fiber transport of spatially entangled pho- 
tons will be ultimately limited by unavoidable fabrica- 
tion tolerances as well as externally applied strain, stress 
and bends; this does eventually lead to intermodal mix- 
ing. Due to geometric reasons a large-diameter mode, 
as appearing in large-core fibers, is less sensitive to per- 
turbations. Since perturbations act via local refractive- 
index changes, it is advantageous, as stressed in the in- 
troduction, to use a hollow-core fiber to transport the 
light essentially in air, so as to minimize these effects. 
Since index-guidance is impossible in hollow-core fibers, 
guidance in such fibers must be preferably provided by 
a photonic bandgap of the cladding. Our kagome-lattice 
fiber does not provide such lossless guiding and is there- 



fore not ideal; mode dependent losses may lead to non- 
orthogonality of the modes and thus to mode mixing [SS] . 
It is encouraging that this potential problem has not pre- 
vented the experiments reported in this Letter. 

In conclusion, we have shown the first experimen- 
tal demonstration of the transport of spatially entan- 
gled photons through an optical fiber. In the degen- 
erate subspace of the \HGi,o) and |_ffGo.i) states, we 
demonstrated entanglement of the fiber-transported spa- 
tial qubit by Bell inequality violation. Although this en- 
tanglement is demonstrated only in the context of a de- 
generate qubit Hilbert space, given the known and pre- 
viously demonstrated potential of spatial modes to pro- 
vide higher-dimensional entanglement (d>2) O [TTin^ 
our results can be regarded as a proof-of-principle that 
the transport of higher-dimensional (d>2) spatially en- 
tangled photons through fibers might be possible in fu- 
ture. Our demonstration of quantum interference in a 
nondegenerate 2D Hilbert space (Fig. 4) is a first step in 
this direction. 
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the EU FET-Open grant HIDEAS (FP7-ICT- 221906). 
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